ABSTRACT: The present study was performed to investigate the preventative effect of Lactobacillus plantarum on diarrhea in relation to intestinal barrier function in young piglets challenged with enterotoxigenic Escherichia coli (ETEC) K88. Seventy-two male piglets (4 d old) were assigned to 2 diets (antibiotic-free basal diet with or without L. plantarum, 5 × 10 10 cfu/kg diet) and subsequently challenged or not with ETEC K88 (1 × 10 8 cfu per pig) on d 15 in a 2 × 2 factorial arrangement of treatments. Feed intake and BW were measured on d 15 and 18 (3 d after challenge) for determination of growth performance. On d 18, 1 piglet from each pen was slaughtered to evaluate small intestinal morphology and expression of tight junction proteins at the mRNA and protein levels while another piglet was used for the intestinal permeability test. Before and after ETEC K88 challenge, piglets fed L. plantarum had greater BW, ADG, and ADFI (P < 0.05) and marginally greater G:F (P < 0.10) compared to piglets fed the unsupplemented diet. After ETEC K88 challenge, the challenged piglets did not show an impaired growth performance but had greater incidence of diarrhea compared to the nonchallenged piglets. There was an interaction between dietary L. plantarum and ETEC K88 challenge (P < 0.05) as L. plantarum prevented the ETEC K88-induced diarrhea. Piglets challenged with ETEC K88 also had greater urinary lactulose:mannitol and plasma concentration of endotoxin, shorter villi, deeper crypt depth, and reduced villous height:crypt depth in the duodenum and jejunum and decreased zonula occludens-1 mRNA and occludin mRNA and protein expression in the jejunum (P < 0.05). These deleterious effects caused by ETEC K88 were inhibited by feeding L. plantarum (P < 0.05). There were no effects of either treatment on the morphology and expression of tight junction proteins in ileum. In conclusion, L. plantarum, given to piglets in early life, improved performance and effectively prevented the diarrhea in young piglets induced by ETEC K88 challenge by improving function of the intestinal barrier by protecting intestinal morphology and intestinal permeability and the expression of genes for tight junction proteins (zonula occludens-1 and occludin).
INTRODUCTION
Diarrhea due to enterotoxigenic Escherichia coli (ETEC) K88 is a major challenge for neonatal and postweaning piglets and results in reduced growth rate, increased morbidity and mortality, and great economic loss in the swine industry worldwide (Fairbrother et al., 2005) . Enterotoxigenic Escherichia coli K88 colonizes in the small intestine and releases enterotoxins to impair the intestinal barrier function, which indirectly induces fluid losses (Fairbrother et al., 2005; Guignot et al., 2007; Guttman et al., 2006) . Tight junctions (TJ), important components of the intestinal mucosal barrier against pathogens and harmful antigens, are composed of a complex of integral membrane proteins including zonula occludens (ZO), occludin, and claudins (Suzuki, 2013) . Increased intestinal permeability from ETEC infections may be from altered expression of genes encoding the TJ proteins, thus reducing the barrier function (Roselli et al., 2003; Johnson et al., 2010) , whereas some lactobacilli have been shown to ameliorate intestinal permeability and enhance TJ integrity (Roselli et al., 2007; Ahrne and Johansson Hagslatt, 2011) , giving a promising avenue for prevention and treatment of ETEC-associated diarrhea in piglets.
Many in vitro and in vivo studies demonstrated that
Lactobacillus plantarum can protect against dysfunction of the intestinal epithelial barrier by restoring structure and function of TJ and reducing paracellular permeability (Anderson et al., 2010; Karczewski et al., 2010; Liu et al., 2011) . Experiments on the effect of L. plantarum on intestinal barrier function in piglets, however, are limited. This study was aimed at investigating if dietary L. plantarum in early life (from 4 d of age) can improve impaired intestinal barrier function and diarrhea in a model of ETEC-challenged piglets.
MATERIALS AND METHODS
The present study was performed in accordance with the Chinese guidelines for animal welfare and was approved by the Animal Care and Use Committee of the Guangdong Academy of Agricultural Sciences.
Bacterial Strains
The strain L. plantarum CGMCC 1258 used in this study was provided by Dr. Hang Xiaomin (Institute of Science Life of Onlly, Shanghai Jiao Tong University, Shanghai, China), which was originally isolated from the feces of healthy infants (Xia et al., 2011) . In the present study, the potent preparation of L. plantarum was added to the experimental diet at a dose of 5 × 10 10 cfu/kg of diet.
The ETEC K88 strain (serotype O149:K91:K88ac), obtained from China Institute of Veterinary Drug Control (Beijing, China), was grown in Luria Broth. The expanded culture of ETEC K88, approximately 1 × 10 8 cfu/ mL, was further prepared for oral dosing as described by Zhang et al. (2010) .
Animals, Diet, and Housing
Seventy-two male young piglets (Duroc × Landrace × Large White, 4 d old, and initial BW of 2.41 ± 0.01 kg) were assigned to 1 of 4 treatments with 6 replicate pens of 3 piglets. The pens with plastic mesh flooring were housed in air-conditioned rooms (1 treatment per room) to control temperature (30 ± 1°C) and humidity and prevent cross-contamination between treatments. The experiment was designed as a 2 × 2 factorial arrangement of 2 diets (basal diet with or without L. plantarum) and subsequently challenged or not with ETEC K88. The basal diet (Table 1) was formulated as a powder form without any in-feed antibiotics according to NRC (2012) for 3-to 5-kg piglets and was freshly mixed with water at 1:3 before each feeding. All piglets were fed every 2 h from 0800 to 2400 h and had free access to warm water throughout the 17-d feeding trial.
Experimental Procedures
At 0800 h on d 15, the challenged piglets were orally given a single dose of 10 mL PBS containing approximately 1 × 10 8 cfu of ETEC K88 using disposable pipets; the nonchallenged control animals received the same volume of sterilized PBS. Feed intake (as-fed basis) was recorded on a per-pen basis as 25% of the weight difference of feed troughs before and after feeding. Piglets were weighed at 0800 h on d 1, 15, and 18 to calculate BW, ADG, ADFI, and G:F. Animals were checked daily for clinical signs (i.e., dehydration, apathy, and diarrhea) to evaluate their status before and after challenging with ETEC K88. Fecal consistency was assessed visually and classified at 4 levels as described by Liu et al. (2010) : 0, normal; 1, pasty; 2, semiliquid; and 3, liquid. The piglets were considered to have diarrhea when the fecal consistency was at level 2 or 3, and the incidence of diarrhea was calculated using the number of pig days with diarrhea in each pen as percentage of total pig days during that time interval; any mortality was also recorded. At d 3 after the ETEC K88 challenge (d 18), 1 pig from each pen was chosen at random, blood sampled from the anterior vena cava, and then killed with sodium pentobarbital (50 mg/kg BW, intravenously injected) for sampling the small intestine. Only sterile, pyrogen-free equipment was used to collect the blood samples for preparing the plasma by centrifugation at 3,000 × g for 15 min at 4°C and storing at -20°C until further analysis.
Immediately after slaughter, the contents of the whole small intestine were rapidly removed with ice-cold PBS. The small intestine was divided into 3 segments: duodenum, to about 10 cm from the pylorus; jejunum, the middle portion; and ileum, the distal approximately 5 cm section proximal to the ileocecal junction. After opening lengthwise and further gentle rinsing with ice-cold PBS, mucosa from the jejunum and ileum were scraped with a glass slide and then rapidly placed in liquid nitrogen and stored at -80°C for mRNA extraction and western-blotting analysis of the TJ proteins. Three additional 2-cmlong segments were removed from consistent locations of the duodenum, jejunum, and ileum, rinsed with icecold PBS, and fixed in 10% neutral formalin for measuring intestinal morphology. Another piglet from each pen was used for the intestinal permeability test.
Intestinal Permeability Test and Plasma Endotoxin Measurement
Intestinal permeability was assessed by the oral administration of lactulose and mannitol, as described by Zhang and Guo (2009) . Briefly, the selected piglet in each pen was fasted 12 h and then given, via a gastric tube, a solution of 6 g lactulose (500 mg/kg BW; Sigma, St. Louis, MO) and 0.6 g mannitol (50 mg/kg BW; Sigma) in 20 mL distilled water. Throughout the period of the test, no feed was made available but piglets had access to water ad libitum. Urine was collected during the next 6 h, with 1 mL of chlorhexidine (1 mg/mL) added as a preservative. Total urine volume was measured, and a 20-mL aliquot was stored at -80°C until analysis. Urinary concentrations of lactulose and mannitol were simultaneously determined by high performance liquid chromatography-tandem mass spectrometry using an API 5000 triple-quadruple mass spectrometer (Applied Biosystems, Foster, CA), according to the method of Camilleri et al. (2010) . The ratio between the 6 h recovery percentages of lactulose and mannitol was considered as the index of intestinal permeability (Bjarnason et al., 1995) . As described by Ghanim et al. (2010) , plasma concentrations of endotoxin were determined using a commercial chromogenic endpoint Tachypleus kit (Xiamen Limulus Amebocyte Lysate Co. Ltd., Xiamen, China), according to the manufacturer's instructions.
Assessment of Intestinal Morphology
The intestinal samples were prepared in accordance with Liu et al. (2010) . The fixed samples were embedded in paraffin, and 4-μm sections were mounted on polylysine coated slides, deparaffinized, and rehydrated. Three slides from each sample were stained with hematoxylin-eosin for examination of intestinal morphology. Villous height and crypt depth were measured using light microscopy and villous height:crypt depth (VCR) was calculated.
Messenger RNA Expression Analysis by Real-Time PCR
Total RNA was isolated from the jejunal and ileal mucosa using TRIzol reagent (Invitrogen, Carlsbad, CA) as described by Zhang and Guo (2009) . The yield and quality of the RNA were determined spectrophotometrically(optical density 260-nm:280-nm ratio) and by electrophoresis on 1 to 3% agarose gels. Removal of genomic DNA and synthesis of cDNA were performed using a PrimeScript RT reagent kit (TaKaRa Biotechnology, Dalian, P.R.C.) according to the protocol of the manufacturer.
Real-time PCR analysis for gene expression was performed using a SYBR Premix Ex Taq II qPCR kit (TaKaRa Biotechnology) on a LightCycler480 System (Roche, Mannheim, Germany). The gene-specific primers and targeted amplicons for ZO-1 (298 bp), occludin (167 bp), claudin-1 (221 bp), and β-actin (273 bp) were as follows: ZO-1: 5′-TGAGTTTGATAGTGGCGTTG-3′ and 5′-TGGGAGGATGCTGTTGTC-3′, occludin: 5′-CTAGTCGGGTTCGTTTCC-3′ and 5′-GACTGATT-GCCTAGAGTGT-3′, claudin-1: 5′-ACGGCCCAGGC-CATCTAC-3′ and 5′-TGCCGGGTCCGGTAGATG-3′, and β-actin: 5′-TGCGGGACATCAAGGAGAAGC-3′ and 5′-ACAGCACCGTGTTGGCGTAGAG-3′.
The PCR products were verified by agarose gel electrophoresis and sequencing. Melting curve analysis was performed to validate the primer specificity. All samples were run in duplicate. The expression of the target genes, relative to the housekeeping gene (β-actin) was analyzed by the 2 -ΔΔCT method of Livak and Schmittgen (2001) as ΔCT = cycle threshold-value (CT) (target gene) -CT (β-actin) and ΔΔCT = ΔCT (treated group) -ΔCT (control group).
Protein Expression Analysis by Western Blotting
Protein expression analysis of occludin and claudin-1 proteins in jejunal mucosa by western blotting was as described by Zhang and Guo (2009) . Briefly, 100 mg of pulverized frozen tissue was homogenized in 1 mL lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 10 mM sodium pyrophosphate, 0.1 mM phenylmethanesulphonyl fluoride, 1% [vol/vol] IGEPAL CA-360, 0.5% ([vol/vol] sodium deoxycholate, 0.5% [vol/vol] SDS, 1% Triton-X 100, 5 mg/mL leupeptin, 5 mg/mL pepstatin, and 5 mg/ mL aprotinin) and centrifuged to collect the supernatants for western blotting. After the protein concentration of supernatant fractions was quantified by a standard bicinchoninic acid protein assay (Pierce, Rockford, IL), equal protein amounts were separated on SDS-PAGE and transferred onto a polyvinylidene difluoride membrane. Immunoblots were blocked for 60 min with 3% BSA in Tris-buffered saline/Tween-20 buffer in room temperature. The membranes were incubated overnight (12 to 16 h) at 4°C with primary antibody and then with the secondary antibody for 60 min at room temperature (21 to 25°C). The following antibodies were used in our experiments: rabbit polyclonal anti-occludin and anti-claudin-1 (1:1,000; Zymed, South San Francisco, CA) and mouse anti-β-actin (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA). The secondary antibodies were horseradish peroxidase-conjugated goat anti-mouse IgG and goatanti-rabbit IgG (1:3,000; Santa Cruz Biotechnology). Chemiluminescence detection used the ECL Plus Western Blotting Substrate (Thermo Fisher Scientific, Rockford, IL) on a ChemiDoc XRS imaging system (Bio-Rad, Hercules, CA) and analyzed using Quantityone software (Bio-Rad). The results were expressed as the abundance of each target protein relative to β-actin.
Statistical Analysis
Pen was considered to be the experimental unit for all responses measured. The main effects of ETEC K88 challenge and L. plantarum treatment and their interactions were analyzed by 2-way ANOVA by using the GLM procedure of SAS (SAS Inst., Inc., Cary, NC). Data are presented as least squares means for 6 replicate pens per treatment except for measurements made before d 15 (prechallenge) when n = 12. A P-value of <0.05 was considered to be statistically significant and P < 0.10 indicated a trend.
RESULTS

Effect of Lactobacillus plantarum on Growth Performance and Diarrhea Incidence in Piglets with or without Enterotoxigenic Escherichia coli K88 Challenge
Before challenge with ETEC K88 on d 15, piglets given L. plantarum had greater BW (P = 0.022), ADG (P = 0.008), and ADFI (P = 0.034) and marginally greater G:F (P = 0.056) and a trend towards reduced incidence of diarrhea (P = 0.082) compared to the unsupplemented piglets (Table 2 ). There was no mortality among the piglets.
Piglets challenged with ETEC K88 had greater incidence of diarrhea than did nonchallenged piglets during d 15 to 18 (P = 0.001) and the whole 18 d study period (P = 0.014). There were interactions (P = 0.001 and P = 0.050) as piglets given L. plantarum had a lower incidence of diarrhea (P = 0.001) and greater BW on d 18 (P = 0.046), ADG (P = 0.024), and ADFI (P = 0.028) and a tendency for greater G:F (P = 0.064) during the pre-and postchallenge periods. Neither effects of ETEC K88 nor interaction were observed for these indices of growth performance. 
Effect of Lactobacillus plantarum on Intestinal Permeability in Piglets Challenged with Enterotoxigenic Escherichia coli K88
Intestinal permeability was assessed by measuring 6-h urinary excretion of lactulose and mannitol and plasma concentrations of endotoxin in piglets (Table 3) . Challenge with ETEC K88 increased plasma concentrations of endotoxin (P = 0.036) and the urinary lactulose:mannitol (P = 0.030). There were interactions for these 2 variables (P < 0.05) as no differences were observed in piglets receiving L. plantarum.
Effect of Lactobacillus plantarum on Intestinal Morphology in Piglets Challenged with Enterotoxigenic Escherichia coli K88
The morphology of 3 intestinal segments is shown in Fig. 1 and Table 4 . It was observed that ETEC K88 caused intestinal mucosal injury in duodenum and jejunum, including short and broad villi and deep crypts. Lactobacillus plantarum supplementation alleviated the intestinal mucosal injury caused by ETEC K88 alone. No gross histological differences between treatment groups were found in ileal sections (Fig. 1) . The ETEC K88 challenge reduced villous height and VCR of duodenum and jejunum (P < 0.05) and increased crypt depth of duodenum and jejunum (P < 0.05). There was an interaction between dietary L. plantarum and ETEC K88 challenge (P < 0.05) as piglets given L. plantarum had higher villous height and VCR and lower crypt depth (P < 0.05). There was no effect of dietary L. plantarum or ETEC K88 challenge on ileal morphology.
Effect of Lactobacillus plantarum on mRNA and Protein Abundance of Tight Junction Proteins in Piglets Challenged with Enterotoxigenic Escherichia coli K88
The abundance of transcripts of TJ proteins (ZO-1, occludin, and claudin-1) in jejunal and ileal mucosa are presented in Table 5 . Piglets challenged with ETEC K88 had markedly less mRNA for ZO-1 (P = 0.008) and occludin (P = 0.001) in jejunal mucosa. There was an interaction for ZO-1 (P = 0.011) and occludin (P = 0.046) in jejunal mucosa with piglets given L. plantarum having higher levels of occludin mRNA in the jejunum (P = 0.001); there were no effects of either treatment on mRNA abundance of ileal ZO-1 and occludin or jejunal or ileal claudin-1.
Western-blotting analysis showed that ETEC K88 challenge reduced the quantity of occludin protein in the jejunal mucosa (P = 0.013; Table 6 ). An interaction was observed for the quantity of occludin protein in jejunal mucosa (P = 0.019) with dietary L. plantarum increasing occludin in this tissue (P = 0.001). There were no effects of either treatment on the content of claudin-1 in the jejunal mucosa.
DISCUSSION
The results of this study indicated that young piglets fed the diet containing L. plantarum had improved growth performance assessed by BW, ADG, ADFI, and G:F at d 15 (prechallenge) and d 18 (postchallenge with ETEC K88), findings consistent with those of Lee et al. (2012) . Impaired performance was not observed in ETEC K88-challenged piglets, but they exhibited a strikingly greater incidence of diarrhea. It was quite evident that dietary L. plantarum in early life prevents ETEC K88-induced diarrhea in young piglets. The recent study of Lee et al. (2012) also showed that L. plantarum improved the growth and health performance of weanling piglets, especially during acute inflammation of the gut after ETEC infections.
Reduction in villous height and VCR have been associated with poor performance and increased incidences of scouring in pigs challenged with ETEC (Owusu-Asie- Hermes et al., 2013) . Villi are critical components of the digestive tract and their geometry provides an indicator of the absorptive capacity of the small intestine (Pluske et al., 1997) . Turnover of the intestinal epithelium reflects a dynamic equilibrium between the production of enterocytes in the crypts and their subsequent desquamation from the villus (Pluske et al., 1997) . The VCR is a useful criterion for assessing intestinal health and function (Pluske et al., 1997) . Results obtained here showed that piglets challenged with ETEC K88 had shorter villi, deeper crypts, and reduced VCR in the duodenum and jejunum. A recent study showed that L. plantarum improved the morphology of duodenum, jejunum, and ileum in newly weaned pigs (Suo et al., 2012) . Results herein demonstrated a similar observation in duodenum and jejunum but not in the ileum of young piglets. Furthermore, L. plantarum clearly prevented the damage to intestinal morphology, otherwise caused by ETEC K88 infection alone, which is in accordance with the improved performance and lower incidence of diarrhea in pigs supplemented with L. plantarum. Infection with ETEC is often associated with diarrhea and impaired intestinal barrier function. Studies in vitro had shown that ETEC K88 reduced TJ permeability in porcine Small Intestinal Epithelial Cell Line (IPEC)-J2 enterocytes as measured by transepithelial resistance (Johnson et al., 2010) , mislocalized ZO-1 in human Caco-2 cells (Roselli et al., 2003) , and reduced occludin abundance in porcine IPEC-1 enterocytes (Roselli et al., 2007) . The integrity of the intestinal barrier (associated with gut permeability) was determined in vivo in the present study using a functional lactulose-mannitol absorption test (Zhang and Guo, 2009 ). The increased lactulose:mannitol demonstrated here indicates greater intestinal permeability in piglets challenged with ETEC K88 alone, in agreement with the results of an in vitro study (Johnson et al., 2010) . It was also apparent, however, that this was prevented in piglets provided dietary L. plantarum. The impaired intestinal barrier caused by ETEC infection will increase the permeability to toxins such as endotoxin or lipopolysaccharide from gramnegative bacterial cell walls (Lambert, 2009) . As shown here, endotoxin concentration in plasma increased with ETEC K88 challenge. It is well established that endotoxin induces a variety of morphologic alterations in the digestive tract, such as submucosal edema, epithelial lifting at the tips of the villi, reduced villous height, and increased crypt depth in the mucosa (Hou et al., 2012) . Consistent with this, the present results show that ETEC K88 challenge resulted in damaged intestinal morphology and increased gut permeability. Luminal endotoxin can also enter the circulation by nonspecific paracellular or transcellular transport pathways. Paracellular transport of endotoxin occurs through dissociation of TJ protein complexes leading to reduced integrity of the intestinal barrier (Mani et al., 2012) . Increased endotoxin concentrations from ETET K88 challenge were inhibited in piglets given L. plantarum, indicating its ability to prevent the impaired barrier function normally accompanying ETEC K88 infection. To further elucidate the underlying mechanisms of intestinal barrier function and altered gut permeability in piglets supplemented with L. plantarum, mRNA abundance and protein level of TJ proteins were determined. Occludin, ZO-1, and claudin-1 are the most important and critical components in the structural and functional organization of TJ (Suzuki, 2013) . Challenge with ETEC K88 reduced ZO-1 and occludin mRNA abundance in jejunum but not in ileum whereas this reduction was inhibited in piglets fed L. plantarum. Further analysis by western blotting was used to measure mucosal concentrations of the TJ proteins (occludin and claudin-1; no antibody reacting with porcine ZO-1 was available). The results indicated that the reduced level of occludin protein in jejunal mucosa of ETEC K88-challenged piglets was also inhibited by dietary L. plantarum. This finding is consistent with previous studies suggesting mislocalization of ZO-1 and reduced abundance of occludin result from ETEC infection (Roselli et al., 2003 (Roselli et al., , 2007 . No changes were detected in claudin-1 mRNA abundance or protein content by either treatment, in agreement with Johnson et al. (2010) . The impairment induced by ETEC K88 and the protection provided by L. plantarum both suggested that the jejunum was the major target site, also consistent with a previous study (Snoeck et al., 2006) showing that the jejunal Payer's patches are the major effectors of the K88-specific intestinal antibody response.
In summary, the data reported here indicate that early dietary L. plantarum improves growth performance and very effectively prevents diarrhea in young piglets induced by ETEC K88 challenge; it does so through improving function of the intestinal barrier by offsetting or preventing impaired intestinal morphology, reduced intestinal permeability, and expression of ZO-1 and occludin. In addition, this beneficial effect of L. plantarum is most obvious in the jejunum (but not ileum) of young piglets. These results provide new insights into the protective activity of L. plantarum, making it a good candidate for improving the health status of piglets with ETEC-associated diarrhea. 
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